We report on the optical quenching of electroluminescence in midinfrared light-emitting diodes operating at 3.0 m. The source is based on a symmetrical double heterostructure with large band offsets and is effectively switched off using coherent visible light. © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1470690͔
Many types of optical switching devices [1] [2] [3] [4] have been studied and demonstrated using nonlinear effects in a variety of semiconductor materials and more recently in optical fibers. Light-controlled switches have a wide variety of potential applications in optical communications and high-speed optoelectronic systems. Optically controlled, fiber-based switches such as loop mirrors or soliton gates can be very fast with good contrast ratios, low-power, and cascadable Boolean logic, but they are difficult to arrange in arrays and integrate with electronics. [5] [6] [7] [8] Although such components are commonplace in the visible and near infrared (Ͻ1.55 m), there have to date been inadequate reports of optical switching in the midinfrared spectral region ͑2-5 m͒. In this letter, we report on the optical quenching of midinfrared electroluminescence at 3.0 m, which could form the basis of a midinfrared optical switch
The light-emitting diode ͑LEDs͒ were fabricated from III-V double heterostructures ͑DHs͒ grown by liquid phase epitaxy ͑LPE͒. A conventional horizontal, graphite sliding boat was used for the LPE growth of the LED structures onto p-type InAs ͑100͒ substrates. These were 14 mmϫ14 mm square with a carrier concentration of ϳ1ϫ10 18 cm Ϫ3 and were obtained from Wafer Technology Ltd. Epitaxy was carried out with the graphite boat inside a high purity quartz reactor tube under flowing ultrapure hydrogen gas provided from a Pd-diffusion unit. The apparatus was fully automated and controlled with LABVIEW operating software from a personal computer. The resulting epitaxial structure, which has been described in detail previously elsewhere, 9 was a DH in which the unintentionally doped n-InAs active layer is enclosed between p-and n-InAs 0.42 Sb 0.18 P 0.40 confinement layers. The P content in the confinement layers was 0.40 ͑E g ϭ640 meV and Tϭ4 K͒ to provide large interface band offsets ⌬E c ϭ151 meV and ⌬E v ϭ21 meV for good carrier confinement. The InAs active region ͑E g ϭ415 meV and T ϭ4 K͒ was 0.7 m thick, and the InAs 0.42 Sb 0.18 P 0.40 layers were isoperiodic with InAs, each being 3.0 m in thickness. By using Yb rare-earth gettering, the residual carrier concentration in the active layer was reduced to Ͻ5ϫ10 15 cm Ϫ3 . The cladding layers were intentionally doped with Sn up to a concentration of 5ϫ10
18 cm Ϫ3 and with Zn up to 1 ϫ10 18 cm Ϫ3 for n-and p-sides, respectively. LEDs were fabricated from the epitaxial wafers using standard procedures by employing conventional photolithography and reactive ion etching with CH 4 :H 2 to produce mesas 420 m in diameter with an emitting area of 1.39 ϫ10 Ϫ3 cm 2 . After etching, the mesa was passivated with Si 3 N 4 . Ohmic contacts were formed by thermal evaporation of Au:Zn and Au:Te alloys at 180°C on the p-and n sides of the structures, respectively. A 300 m diameter ohmic ring contact pad ͑30 m width͒ was defined on the n InAs 0.42 Sb 0.18 P 0.40 while the corresponding back contact was deposited over the entire rear surface of the chip. The LED chips were then mounted n side up onto TO-49 headers for testing using In solder. The resulting devices were operated with a drive current of 300 mA using 50 s pulses at a frequency of 10 kHz, ͑duty cycle 50%͒. The 4 K electroluminescence emission spectra from the edge of the LEDs were measured and compared for different levels of external illumination. A schematic diagram of the resulting light emitting diodes is shown in Fig. 1 .
To study the effect of optical radiation on the electroluminescence, the sample was illuminated with coherent radia- tion from a continuous wave argon ion laser ͑514 nm line͒ which was incident on the top of the LED mesa, but the focused spot size ͑1mm͒ was larger than the mesa ͑400 m diameter͒. The resulting emission was measured from the edge of the sample. The laser output power was varied from 0 to 5 W, which represents a maximum optical excitation intensity at the sample of ϳ80 W cm Ϫ2 inside the cryostat. The resulting electro-or photoluminescence ͑PL͒ was collected using CaF 2 lenses and focused into a Bentham M300 monochromator. A cooled ͑77 K͒ InSb photodiode and Stanford Research ͑SR850͒ digital lock-in amplifier were used to detect the radiation. A computer was used to control the monochromator and record the output signal using LABVIEW operating software.
The results of the spectral measurements are shown in Figs. 2 and 3 . It was found that the electroluminescence intensity decreased exponentially with increasing external illumination intensity. It was also noticed that the spectrum changed shape and became broader as the external illumination intensity increased. Careful examination of the spectrum obtained allows one to establish that without the external illumination the electroluminescence spectrum consists of two emission bands ͓B and C in Figs. 2 and 3͑a͔͒ . It is reasonable to attribute these bands to the emission originating from recombination between localized electrons and holes in quasi-quantum wells situated on opposite sides of the two heterointerfaces in the active region as shown in Fig.  4 . The more intense band corresponds to transition B because the p-n junction is situated right at this boundary. Deconvolution and analysis of the optical spectrum under external illumination using Gaussian curve fitting shows that three emission bands are now present in the electroluminescence as shown in Fig. 3͑b͒ . A new emission band ͑A͒ appears in the spectrum ͑see Figs. 2 and 3͒ under external illumination. We note that in a PL experiment on the LED structure a single broad band which does not change shape with small forward or reverse applied bias (Ͻ0.1 V) is observed. This broad band can be readily deconvoluted into the same bands A, B, and C observed in Figs. 2 and 3 . We rule out heating from the laser as this should manifest itself as a significant redshift in peak wavelength corresponding to a band gap reduction and in our experiment, the principal peak remained at approximately constant wavelength. Furthermore, the magnitude of the quenching effect (ϫ25) which we observed is much too large to be of thermal origin.
The relative intensity of emission band B ͓Fig. 3͑b͔͒ becomes less than that of band C as the external illumination intensity is increased. In our opinion, the appearance of the band A is associated with the additional electron-hole pair production in the n InAs 0.42 Sb 0.18 P 0.40 as a result of the intense external excitation. On application of the external illumination, electron-hole pairs are generated in the n InAsSbP near the negative contact. The excess holes are driven toward the negative contact by the electric field and the electrons try and drift into the p region. The high electron-hole density near the interface results in band bending which ''traps'' electrons in the optically induced potential well and so accounts for the appearance of the high energy emission band A. The quenching of band B relative to band C at the n-N type II heterojunction we attribute to the increased height of the potential barrier which restricts electron supply into the active region. With increasing illumination intensity, the bands B and C shifted towards the red region ͑from 2.989 to 3.045 m and from 3.070 m to 3.090 m for B and C, respectively͒, whereas the band A shifted to the red ͑from 2.857 to 2.925 m͒ and then back to the blue ͑2.925 to 2.918 m͒. Our findings are in accordance with the luminescence results from other materials including Si, 10, 11 Ge, 12 and GaAs, 13 where a similar phenomenon has been observed at the surface.
It should be mentioned that in this LED without the external illumination, optical amplification takes place due to the whispering gallery modes produced in the active region as we described in detail previously.
14 Restricting the supply of electrons for recombination at B effectively spoils the gain of the whispering mode and so the intensity decreases rapidly. As shown in Fig. 5 , we also measured the dependence of the degree of polarization of the total electroluminescence emission p ʈ Ϫp Ќ /p ʈ ϩp Ќ on the illumination intensity, and found that it falls linearly from 45% to 15%. This is consistent with a strong reduction in the band B which is inherently polarized since it is a transition between quantum states on opposite sides of the heterointerface, whereas A is unpolarized. Alternatively, since the light emitted from the edge originates from a whispering mode which is itself polarized, the incident external illumination could produce a local reduction in refractive index in the InAs which reduces the effectiveness of the ring waveguide and results in depolarization of the light emitted from the edge of the LED.
The edge electroluminescence emission spectrum of a whispering gallery midinfrared LED has been investigated with and without external illumination using visible coherent light ͑514 nm͒. Without external illumination the spectra consists of two emission bands, which are due to type-II recombination at both heteroboundaries of the active region. Under strong external illumination, we observed depolarization and quenching of the LED emission and the appearance of a weak optically induced-interface emission band. The possibility of such optically induced band bending leading to new emission bands in type-II heterojunctions has been predicted, 15 but until now has not been observed. The strong quenching which we observed was sufficient to effectively switch off the electroluminescence from the LED. Although demonstrated at low temperature and using high optical excitation, this result opens the opportunity for creation of midinfrared optical switches, modulators, and other lightcontrolled midinfrared devices.
